The local geometry, energy stabilization, and pseudolocal t 1u vibration mode of the Cu + impurity in the alkali halide crystals have been investigated with the ab initio Perturbed Ion (aiPI) cluster-inthe-lattice methodology. The electronic structure of di erent clusters, containing up to 179 ions, has been computed for 9 Cu:AX systems (A: Li, Na, K; X: F, Cl, Br). The calculations clearly show that the nearestneighbor relaxations induced by impurity substitution are essentially determined by the substituted cation, the anion playing a rather minor role. In contrast with predictions deducible from empirical ionic radii, we nd negligible or very small relaxations for Cu:LiX systems, and inwards relaxations of about ?0:1 A for Cu:NaX systems (in very good agreement with recent EXAFS measurements on Cu:NaCl). For the Cu:KX family we found inwards relaxations as large as ?0:3 A. The stabilization energy associated to the substitution reaction turns out to range from ?0:2 to ?1:8 eV, with a remarkable dependence upon the substituted cation. The t 1u frequencies, computed without including the intershell coupling, decrease with increasing cationic size, showing a trend that agrees with the experimental data reported by McClure for Cu:LiCl, Cu:NaF, and Cu:NaCl. Our methodology, in its present form, does not reproduce the o -center equilibrium position of the Cu + ion observed in Cu:NaBr, Cu:KCl and Cu:KBr.
1 Introduction.
The atomic displacements around an impurity in a crystal are, in general little known. This is a serious limitation in the study of impurity centers be-cause the equilibrium geometry of the atoms or ions surrounding the impurity plays a fundamental role in many observable properties of the center. For instance, a large number of spectroscopic studies on Cu + -doped alkali halides, and Cu:NaF in particular, 1] would greatly bene t from the exact determination of Cu + environment. Unfortunately, the small concentration of impurity in the samples precludes, in most cases, the experimental determination of the impurity center geometry using extended X-ray absorption ne structure (EXAFS) techniques. Alternatively, the distance from the impurity to its nearest neighbors could, in principle, be inferred from the observed spectral properties, as Moreno et al. did for Mn 2+ -doped uorides. 2] However, there is a lack of experimental information needed to calibrate the distancedependence laws of the 3d-4s transitions in the Cu + -doped alkali halides. Under those circumstances, an accurate theoretical calculation seems to be the only available approach, at the present time, to determine the equilibrium geometry of these impurity centers.
To be reliable, a theoretical model must describe accurately the delicate balance between the few-body interactions of the impurity ion with its immediate neighborhood and the many-body embedding e ects induced by the rest of the crystal. The problem is, thus, a severe test for any quantummechanical embedding methodology as well as a most interesting challenge for theoreticians.
In this paper we report the results of a theoretical investigation on the electronic structure, equilibrium geometry, and stability of 9 Cu:AX impurity systems (A: Li, Na, K; X: F, Cl, Br). The main objectives of this study are: (a) to determine the ionic displacements around the Cu + ion in these 9 crystals; (b) to compute the stabilization energies involved in the impurity substitution reaction; (c) to estimate the trend, along this 9-terms series, of the pseudolocal t 1u vibration mode of the Cu + ion.
To complete this research we have used the ab initio Perturbed Ion (aiPI) model. 3] This is a cluster-in-the-lattice approach that deals accurately with the cluster-lattice interaction and allows for cluster-size study in a way that is theoretically rigorous and computationally very e cient.
Quantum mechanical calculations of impurity centers are usually performed by using very small clusters, most times limited to the impurity and the rst shell of neighbors. It is implicitly assumed that by embedding this cluster within an appropriate frozen representation of the rest of the crystal, the equilibrium properties (the geometry in particular) of the cluster will closely resemble those of the real impurity center. We have recently presented aiPI cluster-in-the-lattice calculations on the nearest neighbors geometry of Cu:NaF and Cu:NaCl, in which the dependence of the predicted geometry on the cluster size was explicitly considered. 3] It was observed there that the arti cial interface introduced between the cluster (whose electronic structure is relaxed along with its geometry) and the lattice (for which the electronic structure is held frozen) gives rise to a poor prediction of the geometry of the cluster surface. In particular, the calculation on the CuF 5? 6 cluster predicted an equilibrium value for R(Cu ? F) 0.05 A smaller than that obtained in calculations done on clusters of 13, 25 and 33 ions.
In view of these results, we have used here large clusters containing up to 179 ions, namely CuX 92 A 5? 86 . These clusters are embedded in a xed lattice described by the pure-crystal aiPI wave functions. Several crystal models have been considered, as described below, in order to examine the consistency of the method and the signi cance of the cluster-size e ects. The good results obtained previously in Cu:NaF and Cu: NaCl 3, 4] give con dence to our predictions and to the physical consequences extracted from them.
The paper is divided in three sections. In the next one we give very brie y the more important characteristics of the theoretical model, mainly to introduce the notation and details of the simulation. Section 3 contains the results. It is divided in four subsections dedicated to examine the consistency of the method, the equilibrium geometry of the impurity center, the stability of the 9 systems, and the motion of the Cu + ion in these crystals, respectively. The main conclusions of our work complete the paper.
2 The method and the cluster model. The aiPI method 3, 4, 5] begins by assuming the electronic wave function of the doped crystal to be an antisymmetric product of group functions, each of them representing an ion in the crystal. Two disjoint sets of ions are considered: the cluster (C), formed of the ions relevant to the problem under study, and the lattice (L), containing the ions of the rest of the crystal. All ions receive a quantum mechanical treatment in the calculation. The di erence between C ions and L ions is that the group wave functions of the former are self-consistently solved, while pure-crystal wave functions, obtained in the appropriate aiPI calculations, 4] are maintained frozen to describe the ions in L.
A further development has given signi cant physical insight on the beha- vior of the impurity neighborhood: the C set is partitioned into the C 1 subset, made of all ions that are geometrically as well as electronically relaxed, and the C 2 subset, collecting the ions that su er only electronic relaxation. In this way, the C 2 territory attenuates the sudden boundary e ects on the cluster wave functions and supplies an interface to accommodate the cluster electronic density to the xed lattice density.
To obtain the group wave function of an ion in C, we minimize the e ective energy of such ion, which is made of the energy components internal to the ion (net energy) and all the interaction terms with the remaining ions in the crystal. 5, 6] Every ion contributes to the interaction energy with a Coulombic potential, a nonlocal exchange term, and a projection operator that procures the orthogonality between the group wave functions and corrects the total energy for any residual nonorthogonality. 5, 6, 7] The aiPI equations are solved iteratively for every di erent ion in the cluster up to a required convergence. At the end, the aiPI wave functions are self-consistent within C and consistent with the frozen description of L.
The calculations discussed here have been done on clusters containing up to 179 ions. The 179-ion cluster is formed of Cu + ion at the origin of coordinates plus its 12 rst shells of neighbors, as described in Table 1 of Ref. 4] . The experimental host geometry (cubic, space group Fm3m, A + at (0,0,0) and X ? at the ( 1 2 ,0,0) positions) is used for the cluster and the lattice, except for the position of the shells that are allowed to relax. We will denote as Cn-m a calculation in which the cluster is formed of a central ion and its n rst shells of neighbors, the rst m of them (de ning the C 1 set) being allowed to relax its positions along independent breathing modes.
Large STO basis sets have been used on every ion. 8] The wave functions describing the ions in the lattice are taken from previous aiPI calculations on the pure host crystals. The unrelaxed Coulomb-Hartree-Fock model 9] has been used to estimate the correlation energies without modifying the self-consistent aiPI wave functions. 10] All the calculations performed on the clusters and on the AX as in nite crystals, have been done using the pi7 program, 10, 11] the optimizations and numerical calculation of derivatives being conducted by speci c driver programs. 4] 3 Results and discussion.
The calculations have been performed in two steps. In the rst one, we have relaxed the geometry of the m rst shells of neighbors around Cu + by allowing independent breathing motions of each shell. These m shells constitute the C 1 set in our simulation. The same treatment was applied to the equivalent cluster model of the pure hosts, in order to check for the consistency of the calculations and to estimate any systematic error. Then, we have veri ed whether the impurity ion is stable at the on-center position, and thus the impurity neighborhood maintains the nominal octahedral symmetry. We have also obtained the t 1u vibrations associated with the independent motion of the Cu + ion.
3.1 Consistency of the aiPI method.
As advanced in Ref. 3] , the consistency of an embedding scheme can be examined with two criteria. First, there is the so called self-embedding consistency, according to which the cluster-in-the-lattice calculations on the pure crystal should reproduce the quantum description attained in the calculation for the in nite crystal. We have shown for NaF and NaCl in Ref. 3] , that whereas the simplest AX 6 cluster model fails to meet this requirement, models involving clusters like A 7 X 6 , A 19 X 6 , and A 19 X 14 satisfy this consistency. We nd now that the 33-ion cluster and 179-ion cluster calculations presented here give full self-embedding consistent descriptions of the 9 alkali halides. This means that the pure crystal calculations give negligible ionic relaxations (geometric self-embedding consistency) as well as negligible stabilization energies (energetic self-embedding consistency). Thus, we con rm with these 9 cases the signi cant role of the C 1 +C 2 partition of the cluster in ful lling this rst criterion of model consistency.
The second test refers to the agreement with observed data. The performance of the aiPI method in this test can be appreciated by looking at the numbers in Table 1 , where we summarize the nn distances, R th (A ? X), obtained for the 9 pure alkali halides by using the 33-ion (C4-1 and C4-2 calculations) and 179-ion (C12-4 calculations) cluster models. The agreement between our best, C12-4, theoretical results and the experimental geometries is excellent, indicating that the local equilibrium geometries of the clusters are consistent with the lattice parameters.
From Table 1 it is also interesting to note how the C4-1 calculations predict a slight inwards relaxation of the nearest neighbors. When two shells are allowed to relax, as in the C4-2 case, the rst shell uniformly moves outwards, with respect to the C4-1 picture, by amounts ranging from 0.05 to 0.1 A. The 179-ion cluster calculation, involving relaxation of four shells, tends to recover the C4-1 geometries, giving great consistency with the observed data. It is satisfactory to see that the more complex model produces the better agreement with the experimental values.
3.2 Local geometry of the Cu:AX systems. Table 2 contains our results for the local relaxation of the rst shell around Cu + . The relaxation is computed as the di erence between the equilibrium distance found for Cu:AX, R th (Cu ? X), and that found for A:AX, R th (A ? X). In this way our prediction is corrected for the (small) systematic error, R th (A ? X) ? R exp (A ? X), found in the reference A:AX calculations.
The relaxations experienced by the second, third, and fourth shells around Cu + are small and do not appreciably di er from those found on the A + -centered clusters. Thus the best we can say is that no signi cant relaxation of those shells is predicted.
Our C12-4 results show qualitatively di erent nn relaxations depending on the cation being substituted. Negligible or very small inwards relaxations Of particular interest is to remark that the ligand relaxation upon impurity substitution, shown in Table 2 , largely contrasts with the picture that could be deduced for the Cu Li and Cu Na centers by considering the octahedral ionic radii usually adopted: r(Cu + ) = 0:96 A, r(Li + ) = 0:78 A, r(Na + ) = 0:97 A, and r(K + ) = 1:33 A. The discrepancy between the aiPI prediction and the reasoning based upon the ionic radii is noteworthy because the wide use of this type of arguments and the conspicuous disagreement of its prognostic with the data reported by Emura et al. 12] The ligand relaxations obtained in this work can be further analyzed by comparing the metal-ligand distances of the pure alkali halides with the corresponding distances of the hypothetical octahedrically coordinated copper halides. To estimate these hypothetical distances, we argue as follows.
Copper halides crystallize at room temperature and pressure in the sphaller- 
where R i is the nn distance for the coordination number i. Rock-salt (B1) and sphallerite phases have been found at room conditions for MnS and the nn distance ratio was found to be 1.074, 21] not too far from the Pauling's prediction. In addition, we have performed aiPI calculations on the B1 and B3 phases of CuX crystals, and we found the R 6 =R 4 ratio of theoretical distances to be: 1.028 on CuF, 1.038 on CuCl, and 1.036 on CuBr. Using these theoretical R 6 =R 4 ratios and the experimental Cu-X distances found in the B3 phase we derive the following nn distances for the hypothetical octahedrally coordinated CuX crystals: R(Cu ? F) =1.890 A, R(Cu ? Cl) =2.435 A, and R(Cu ? Br) =2.554 A. We can expect that the Cu + impurity would exhibit a Cu-X distance somewhat in between the two limiting CuX and AX pure crystals with the same B1 phase. This assumption would imply inwards relaxations for all the three Cu Li , Cu Na and Cu K types of centers, being larger in the order Li<Na<K. In the extreme scale, were the Cu-X distance adopt the value of the CuX pure crystal, this would Our theoretical predictions are far smaller than this extreme values, showing a tendency of the Cu + impurity to adapt to the geometry of the host rather than deforming the host to adopt its \natural" octahedral distance. Again, we stress that these extreme relaxations disagree with the experimental data by Emura et al. 12] Thus, this adaptative trend of the Cu + impurity seems to be consistent with the single observation available.
The above results can be compared with the local geometries found by oreno et al. 2, 24] on Mn 2+ -doped uoride crystals. They used the distance dependence of the isotropic superhyper ne constants or that of some spectral d-d lines to obtain the Mn 2+ -F ? distances in the doped crystals. In their analysis of AMF 3 uoroperovskites, they noticed that the introduction of substitutional Mn 2+ gives rise to an inwards (outwards) relaxation when the pure crystal A-F distance is greater (lower) than the Mn-F distance in the pure Mn 2+ compounds with the same structure. The comparison of the Mn 2+ :AMF 3 and Cu + :AX systems shows an interesting di erence in the character of these two impurities. Whereas the Mn-F distances appear to be very concentrated around some value that can be viewed as the \natural distance", the Cu-X distances are far more dispersed around the average values. This can be ascribed to the more deformable character of the monovalent ion or, alternatively, to the more covalent nature of the Mn-F bond.
Formation energy of the Cu A centers.
The formation of the Cu A centers should be discussed in terms of the free energy di erence for the exchange reaction:
A + : AX (s) + Cu + (g) * ) Cu + : AX (s) + A + (g) : (2) At very low pressure and temperature, the reaction will be governed by the internal energy change, E form (Cu A ), that can be obtained from our quantummechanical calculations.
Results concerning E form (Cu A ) are found on Table 3 . We show the results of calculations in which the cluster is reduced to a single ion (C0-0), as well as for the 179-ion cluster using the pure crystal geometry (C12-0), and for the 179-ion cluster using the optimal geometry found for the rst four shells (C12-4). The comparison between these calculations shows, separately, the importance of ensuring consistency between the electronic structure of the cluster and that of the rest of the lattice, and the importance of the geometrical relaxation of the impurity neighborhood.
Some important conclusions can be deduced from Table 3 . First, we observe that according to the rigid C0-0 model, that accounts for the impurity substitution into a geometrically and electronically frozen lattice, 7 out of these 9 species are stable centers. The two unstable systems are Cu:LiF (E form (Cu Li ) =1.1 eV) and Cu:NaF (E form (Cu Na ) =0.4 eV). Second, the cluster electronic relaxations, extended to a cluster of 179 xed ions in the C12-0 model, accommodates the cluster wave function to the lattice background and produces large stabilization e ects, from 0.50 to 1.15 eV, with the exceptions of Cu:LiCl and Cu:LiBr. These e ects make the Cu:NaF system stable. Third, comparison between the C0-0 and C12-0 schemes reveals that although the cluster-lattice interaction is properly described in both models, the size of the cluster and the corresponding intracluster electronic reorganization are important factors in the calculation of the stability of these centers. Fourth, the four-shell geometric relaxation encompassed in the C12-4 model induces a further stabilization, from 0.11 to 0.73 eV, that makes the Cu:LiF center also stable.
Thus, our best calculation predicts all the Cu A centers to be stable. The values of E form (Cu A ) are mainly determined by the cation being substituted: the Cu:KX are stable by 1.4{1.8 eV, the Cu:NaX by 0.7{1.0 eV, and the Cu:LiX by 0.2{0.7 eV. The e ect of the anions is, in most cases, small: for a given cation E form (Cu A ) slightly decreases as the anionic size increases. Our best E form (Cu Na ) for Cu:NaF is in close agreement with simulations done using state-of-the-art empirical potentials. 25] It should be mentioned here that even if we predict E form (Cu A ) to be negative and the centers to be stable, doping the alkali uorides with Cu + is experimentally di cult due, apparently, to the disproportion of two Cu + ions into Cu 0 and Cu 2+ , the Cu 0 tending to migrate and to form metallic microaggregates. 26] 3.4 O -center displacements and the t 1u frequencies. This interesting observation can be investigated in some detail with the aiPI method. Here we present results of calculations appropriate to interpret the possible o -center displacements of the Cu + ion as well as to inform about the basic trends of the associated t 1u vibration modes of the Cu:AX systems. To study these matters we used again the 179-ion cluster model. Fixing the cluster ions at the positions optimized in the way described above, we move the Cu + ion along the 100] direction and compute the e ective energy of the cluster for every new position of the impurity. In the same way, we obtain the 110] and 111] energy curves. We want to point out that these movements of the Cu + ion out of the center of the cluster largely reduce the symmetry and signi cantly add to the computational cost of each geometry.
The most relevant result of these calculations is that the Cu + remains on-center in the 9 systems analyzed here, that is, the (0,0,0) site is the point of minimum energy along the 100], 110] and 111] axes. The three curves are rather at and highly similar near the minimum, progressively separating each other for displacements of 0.3 A or larger. The movement of the Cu + ion is easiest along the 111] axis and most di cult along the 100] axis. In consequence, our model does not explain the o -center position observed for Cu + in the three above mentioned compounds. This failure might probably be related to the absence of non-spherical deformations of the ionic wave functions in the present aiPI calculations. Nagasaka 29] has proposed that the stability of the o -center position of Cu + ion in some alkali halides is due to the mixing between the closedshell electronic ground state and a X ? ! Cu + charge-transfer excitation state. This interpretation suggest that the polarization of the anions surrounding the Cu + ion plays a key role in the stabilization of the o -center position, thus posing a particular di culty for the present aiPI calculations to reproduce the phenomenon. By tting the 100] energy curves to a polynomial we have obtained an estimation of the uncoupled t 1u vibrational frequency associated to the Cu + 100] displacement. 4] These values should be considered as a crude estimation of the correct t 1u vibration frequencies, as we have recently shown that strong couplings between symmetry modes appear that largely modify the uncoupled frequencies. 4] Values obtained at the C12-0 and C12-4 levels are given in Table 4 . Comparison between both sets shows the e ect of the relaxation of the four inner shells. This e ect is negligible in the Cu:LiX, with the exception of Cu:LiF where we obtain a decreasing of 20 cm ?1 in this frequency. In Cu:NaX frequencies increase by 13{22 cm ?1 and in Cu:KX by 39{61 cm ?1 , being the relaxation a very important e ect in the potassium compounds. With the exception of Cu:LiF, the changes correlate with the relaxations obtained for the nn distances.
The Table 4 suggest that the extended analysis undertaken in Ref. 4 ] may give uniformly good description of the local vibrations in these impurity centers. 4 Conclusions.
We have presented in this work ab initio Perturbed Ion calculations on up to 179-ion cluster-in-the-lattice models of Cu + in 9 alkali halides. The linear dependence in computer time that this method shows with the cluster size made feasible these otherwise prohibitive calculations.
Our results show qualitatively di erent nn relaxations depending on the cation being substituted. For Cu:LiX, negligible or very small inwards relaxations are obtained, whereas large inwards relaxations around ?0:1 A are obtained for Cu:NaX, and very large relaxations around ?0:3 A are encountered for Cu:KX. The e ect of the anion is small, increasing slightly the inwards relaxations as the size of the anion decreases. Our best calculation predicts that the rst shell around Cu + relax inwards ?0:10 A in NaCl, in close agreement with the EXAFS measurements.
The above cationic trends can be understood by comparing the A-X distance in the pure alkali halides with the Cu-X distance in the hypothetical octahedral CuX crystals. Our relaxation values can be recovered by assuming that the Cu-X distances in Cu:AX compounds lie somewhat in between the rst neighbor distances in the two limiting pure crystals.
These ionic relaxations induced by impurity substitution di er from the values that can be deduced from the usually accepted ionic radii. We interpret this discrepancy in terms of an accommodation of the impurity ion to the crystal constrains, not contemplated in the argument of constant ionic radii.
Our model does not explains the o -center position of Cu + in Cu:NaBr, Cu:KCl, and Cu:KBr. This failure could be due to the absence of nonspherical deformation of the ionic wave functions in the aiPI method and the assumption of a closed-shell electronic ground state for the impurity center. However, the small value obtained for the t 1u frequencies in deep o -center systems adequately correlate with the experimental relative on-center stability of the systems analyzed here. Our best t 1u frequency values decrease in passing from Cu:LiX to Cu:KX. Our model also predicts negative values for the formation energy of all Cu A centers.
